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receiving data from Galileo. In 2002, when the Cassini spacecraft
flies by Jupiter en route to Saturn, we will get the first composi-
tional measurements of the dust grains, which will provide more
clues to their origin'%. O
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A CHARGE density wave (CDW) is a periodic symmetry-lowering
redistribution of charge within a material, accompanied
by a rearrangement of electronic bands (such that the total
electronic energy is decreased) and usually a small periodic
lattice distortion">. This phenomenon is most commonly
observed in crystals of reduced symmetry, such as quasi-two-
dimensional® or quasi-one-dimensional* materials. In principle,
the reduction of symmetry associated with surfaces and inter-
faces might also facilitate the formation of CDWs; although there
is some indirect evidence for surface charge density waves™'>',
none has been observed directly. Here we report the observation
and characterization of a reversible, temperature-induced CDW
localized at the lead-coated (111) surface of a germanium crystal.
The formation of this new phase is accompanied by significant
periodic valence-charge redistribution, a pronounced lattice dis-
tortion and a metal-nonmetal transition. Theoretical calcula-
tions confirm that electron—phonon coupling drives the
transition to the CDW, but it appears that some other factor—
probably electron—electron correlations—is responsible for the
ground-state stability of this phase.

Pb/Ge(111)-a consists of 1/3 monolayer of equivalent lead
adatoms spaced ~7 A apart in a hexagonal array of T, sites atop
the bulk-truncated germanium lattice, forming the (/3 x 1/3)R30°
arrangement shown in Fig. 1. Clean, well ordered germanium
(111) surfaces were first prepared in ultrahigh vacuum, followed
by a room-temperature lead dose and subsequent anneal (at
~250°C) to produce a-phase’". Coverage was monitored with
both low-energy electron diffraction (LEED) and Auger electron
spectroscopy. In practice, some Ge adatom defects were always
present in the overlayer.

We employed three experimental surface analysis techniques to
characterize this thin film. LEED was used to determine the
symmetry of the surface atomic lattice. Inelastic electron scatter-
ing (electron energy-loss spectroscopy (EELS)) was used to probe
the excitation spectra of our interface. Scanning tunnelling micro-
scopy (STM) was used to image the spatial variations in the
surface charge density with atomic resolution®.

We present first our results acquired at room temperature,
where all previous investigations were performed”'**!. LEED
data (Fig. 2a) include several sharp diffraction spots, character-
istic of the (1/3 x /3)R30° surface symmetry displayed in Fig. 1.
EELS data (Fig. 2a) indicate that the room-temperature a-phase
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is metallic. This result is consistent with simple electron counting,
where (based on the Pauli principle) two electrons from each unit
cell sequentially populate the electronic bands (starting from low
energy). In any geometry with an odd number of electrons per unit
cell, the uppermost occupied band will be only partially filled,
resulting in a metallic structure. The (/3 x /3)R30° surface unit
cell contains one lead atom (with a valency of four) and three
outer layer germanium atoms (each with one unpaired electron),
totalling seven valence electrons in all, and is therefore expected
to be metallic. Figure 3a presents room-temperature STM data
acquired in the same scan but at different bias voltages. In both the
filled state and empty state, a hexagonal array of identical protru-
sions can be seen. The results of previous experiments® and
computer simulations” indicate that each protrusion imaged is a
lead adatom.

As the sample temperature is lowered, properties of the o-
phase exhibit a dramatic change. For surfaces with a low enough
defect density, the low-temperature LEED pattern now shows the
presence of extra spots (Fig. 2b), characteristic of a new (3 x 3)
symmetry. This transition in structure is gradual and reversible,
with an onset near —20 °C. EELS data of the low temperature a-
phase are likewise very different from their room-temperature
counterparts. There is no continuum of low energy losses; instead,
a discrete loss onset can be seen, indicating a semiconducting
interface. The inset of Fig. 2b shows similar data for a non-zero
parallel momentum transfer (angle of reflection # angle of
incidence) indicating more clearly the onset value. Whereas the
room temperature o-phase is metallic, our observations indicate
that a small band gap (E, <0.065V at 100 K) evolves as tempera-
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FIG. 1 Ball model of the g-phase of Pb/Ge(111); coverage is 1/3 monolayer.
Lead adatoms are 7.0 A apart on T, sites atop the bulk truncated germa-
nium lattice. The indicated unit cell shows the interface’s (/3 x /3)R30°
symmetry (relative to the bulk truncated (1 x 1) symmetry).
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FIG. 2 Room-temperature (a) and low-temperature (b; T = 100K) LEED
(left) and EELS (right) data from the a-phase; beam energy for LEED was
48.6¢€V. In LEED, the change in symmetry from the room-temperature
(v/3 x /3)R30° structure to the low-temperature (3 x 3) structure is
highlighted by the emergence of many new diffraction maxima. At room
temperature, EELS indicates that a-phase is metallic by (1) the presence of
a broad, slowly decreasing Drude tail, produced when electrons at the Fermi
level are excited into the adjacent continuum of empty states, and (2) the
absence of a discrete energy loss onset. The discrete onset in the low-
temperature spectrum, created when electrons are excited with minimum
excitation energy into the unoccupied bands, indicates a surface band gap.
The energy onset of such a loss spectrum corresponds to the gap magnitude
E,. Inset, off-specular data (non-zero parallel momentum transfer) indicat-
ing that the ground state band gap is no more than 65 meV.

FIG. 3 Room-temperature (a) and low-temperature (b; T = 60 K) STM data
from the a-phase. Empty- and filled-state images were acquired with
sample bias V; = +1V (electrons tunnelling out from the sample) and
—1V (electrons tunnelling into the sample) respectively. Their registry is
assured, that is, each point in the empty-state image is produced from the
same real space coordinate as the corresponding point in the filled-state
image. At room-temperature, each lead adatom appears identical, whereas
atlow temperature, a honeycomb-pattern charge rearrangement is evident.
Repeat units are identified in each image.
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FIG. 4 Calculations of electronic structure were performed for several
supercells with various k-point samplings. During the calculations of the
low-temperature phase, the outermost germanium layers and the lead
layer were allowed to relax. a, The wavy black line inside the outer hexagon
(first Brillouin zone) is a curve drawn through calculated Fermi surface
points for the (/3 x 1/3)R30° structure. The illustrated nesting vector is 1/
/3 the length of a reciprocal lattice vector, matching the new ground-state
symmetry of (3 x 3); the new Brillouin zone is indicated in grey. b,
Calculated contours of constant integrated density of states (between E;
and +1 or —1V) for the fully relaxed structure, showing the observed
(3 x 3) symmetry and honeycomb-pattern charge rearrangement. ¢, Cal-
culated band structure along high-symmetry directions for both the
(v/3 x v/3)R30° and (3 x 3) structures. Although the former structure is
metallic with a single band crossing midway between the zone centre (')
and the zone boundary (K), a small gap opens between two bands at this
location (the new M point) in the SCDW phase, while a third crosses E;. This
gap is localized in a small area of the surface Brillouin zone and, therefore,
the calculated outer layer density of states near E; shows practically no
change between the room-temperature and low-temperature structures.
Note that the two filled bands from I' to M in the (3 x 3) structure are
roughly those expected from folding back the (/3 x /3)R30° band
approaching K (stars denote equivalent k-space locations). For both
structures, valence bands disperse about 0.6 V.

ture is lowered. Our EELS study suggests that this electronic
transition also occurs gradually and reversibly, but at a slightly
lower onset temperature than the structural transition.

It is the change in STM imaging at low temperatures, however,
that elucidates the nature of the observed transition. Low-tem-
perature filled- and empty-state images of a-phase are shown in
Fig. 3b. Unlike the room-temperature results, Pb adatoms no
longer appear equivalent, and the same (3 x 3) symmetry found in
low-temperature LEED data can be seen. This is not the result of
a rippled topography. Rather, it reflects the sensitivity of the STM
technique to the spatial profile of occupied (filled-state image)
and unoccupied (empty-state image) electronic states. One out of
three Pb adatoms now possess an enhanced relative concentration
of filled states (and appears brighter in the filled-state image). This
same atom also possesses a diminished relative concentration of
empty states (and appears darker in the empty-state image). The
result is a honeycomb-patterned charge superstructure commen-
surate with the underlying lattice. As the sample temperature
increases, this new charge superstructure gradually subsides and
the sample returns to the equivalent adatom configuration of
room temperature.

What we observe experimentally is now clear. On decreasing
temperature, the Pb/Ge(111)-a system forms a commensurate
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surface charge density wave (SCDW) independent of any bulk
phenomena. This transition occurs gradually and reversibly with
an onset just below room temperature. As with many examples of
bulk CDWs, this surface rearrangement of valence charge incor-
porates a structural distortion. Comparison of our LEED data to
that of other systems suggests the lead atom plane is significantly
rumpled at low temperature, probably of the order of ~0.2 A. The
measured value of the SCDW band gap, ~0.065 V, corresponds
well with the observed critical temperature, ~—20°C, via the
mean-field CDW relationship, E, = 3.53 KT, (ref. 22). The value
of the tiny SCDW band gap measured by EELS could not be
reliably verified using STM (as is generally possible®) in our case
owing to signal-to-noise problems at the Fermi energy (E).

The only major inconsistency with the simple SCDW picture
results form electron counting. The new low-temperature (3 x 3)
unit cell is three times as large as the room-temperature
(v/3 x /3)R30° cell, containing three lead and nine germanium
atoms and, therefore, 21 valence electrons. This is again a
sufficient condition for metallicity, in stark contradiction to the
semiconducting ground state inferred from the EELS data.

In an attempt to identify the driving force for stabilization of a
SCDW, we performed first-principle density functional calcula-
tions® for this system using the local density approximation. The
calculations confirm that the room-temperature phase should be
metallic with a half-filled band of surface states positioned in the
gap region of the germanium substrate. In Fig. 4a, the wavy black
line inside the (/3 x 1/3)R30° surface Brillouin zone (the outer
hexagon) depicts the shape and location of the calculated two-
dimensional Fermi surface. A vector of constant momentum
transfer connecting parallel segments of Fermi surface, called a
nesting vector, is identified. The electronic response function of a
nested Fermi surface is strongly peaked at twice the Fermi
wavevector (2kg), which facilitates enhanced electronic screening
of phonons (quantized lattice vibrations) with momentum 2kg.
This screening results in a soft phonon at 2k, called a Kohn
anomaly. If the nesting (and hence the screening) is strong
enough, a static lattice distortion can occur, incorporating the
symmetry of the nesting vector. As seen in Fig. 4a, the predicted
nesting vectors match the symmetry of the observed (3 x 3)
ground state (inner hexagon, Fig. 4a). Therefore, theory predicts
that Fermi-surface nesting, or more generally electron—phonon
coupling, drives this transition.

When not constrained in our calculation, lead and surface
germanium atoms rearrange themselves spontaneously in a
(3 x 3) structure, reducing the total energy by about 0.020eV
per (/3 x /3)R30° unit cell. The corrugation of the lead adlayer
is ~0.05 A. Two simulated STM images for this structure (Fig. 4b)
show remarkable qualitative agreement with the experimental
data. Figure 4c shows the calculated band structure near the Fermi
energy for both the (/3 x {/3)R30° and (3 x 3) structures. At
room-temperature, a single half-filled band (with strong lead p,
character) crosses the Fermi energy. Owing to the reduced
symmetry, three bands exist in this region at low temperature:

one crosses the Fermi energy (metallic) as before, but the other
two show the effect of the new SCDW periodicity, opening up a
small gap at the new (3 x 3) zone boundary (M). However,
problems still exist. First, the calculated distortion of the lead
atoms is not large enough to account for the intensity of the
fractional-order LEED spots. Second, and most importantly, the
theoretical (3 x 3) surface is metallic, contrary to our EELS data.
But the apparent shortcomings of theory might in fact indicate the
true nature of the ground state. We infer that electron—electron
interactions (not properly accounted for in the local density
approximation) result in larger-than-predicted lattice displace-
ments, as well as the formation of a surface band gap (a Mott
insulator) which further stabilizes the low-temperature phase.
This is a reasonable inference, as calculated charge density plots
for Pb/Ge(111) indicate the states involved with Fermi surface
nesting are localized, a necessary precursor to the onset of
significant correlation effects. The role of electron correlation in
CDW formation and stability was first discussed by Overhauser®.

Although most of the bulk quasi-two-dimensional CDWs are
driven purely by a bond reorganization, our SCDW is reminiscent
of that for the layered compound 1T-TaS, (refs 26-28). In this
system, lowering sample temperature initiates a reversible transi-
tion in the CDW phase from an incommensurate structure to a
commensurate one, accompanied by the sharp evolution of a
pseudo-gap (again contrary to electron counting). But in contrast
to Pb/Ge(111)-o, TaS, Mott localization has been considered only
an accidental consequence of the CDW distortion and was not
considered responsible for its stability.

Although other proposed examples of CDWs at surfaces exist,
Pb/Ge(111) is thus far unique. For example, surfaces of the
layered transition metal dichalcogenides®™ (including TaS,) pos-
sess a charge superstructure, but only as the termination of bulk
CDWs. The reconstruction of semiconductor surfaces on cleaving
in vacuum is sometimes referred to as a CDW'?, but these
transitions are irreversible in the experimentally accessible tem-
perature range, involve large structural distortions, and can be
accounted for by covalent bond rearrangement. On other surfaces
including W(100) and Mo(100) (refs 5-11), and alkali-metal
covered Cu(111) (ref. 12), CDWs have been speculated to account
for certain experimental data, but have not been directly observed.
A Peierls distortion'?, the one-dimensional analogue of a CDW,
has likewise been proposed to explain anomalous observations of
T1/Cu(110) (ref. 14).

It is likely that other unmistakable SCDWs will be found
within the wealth of known metal-semiconductor interfaces.
For example, aluminum, indium, gallium, lead and tin all produce
T, adatom a-type structures on Si(111) at room temperature. A
determination of which systems undergo the SCDW transforma-
tion will lend further insight into the physical processes respon-
sible for this phenomenon. It might even be possible to ‘engineer’
the Fermi surface by co-deposition of different adatom species,
producing a range of both commensurate and incommensurate
low-temperature structures. O
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